The magnetic and magnetooptic properties of epitaxial CeY 2 Fe 5 O 12 (Ce:YIG) and Y 3 Fe 5 O 12 (YIG) thin films grown by pulsed laser deposition on gadolinium gallium garnet substrates have been determined. An enhanced Faraday effect is known to result from Ce substitution into the yttrium iron garnet lattice, and here we characterize the magnetooptic Kerr effect as well as the magnetic hysteresis and ferromagnetic resonance response that result from the Ce substitution.
I. INTRODUCTION
not driven by electronic spin currents 27 but by spin-waves. 28, 29 Recent results in the field of spin caloritronics have shown that the spin-waves can also be thermally excited by the spin Seebeck effect 30 and are capable of moving magnetic domains. [31] [32] [33] [34] [35] However, a more detailed analysis of the thermally excited domain wall motion has not been possible, so far, as experimental observations are currently limited only to bulk materials due to the relatively weak signal in YIG. A stronger MOKE signal of Ce:YIG would enable even studies on thin film nanostructures, which would allow one to gauge the applicability of domain wall motion in memory or logic insulator devices.
Finally for possible applications in spintronics, the magnetic anisotropies in particular need to be controllable. For YIG and other iron garnets, strain has been found to allow the engineering of the anisotropies. 36, 37 However element substitution such as Ce doping could provide another approach, which has not been investigated so far but is of interest for all spintronic applications in particular for magnetooptic sensors. 38, 39 Tailoring the anisotropy is key as it allows one to determine the orientation of the device.
In this article we present a characterization of epitaxial Ce:YIG (CeY 2 substrates. An in-plane magnetic anisotropy can be introduced in this material depending on the substrate cut. Compared to pure YIG, these materials show a slightly higher magnetic moment and as an insulator a damping comparable to magnetic metals. In particular, we find a strongly enhanced MOKE signal for visible wavelengths making the cerium substitution useful for thin film optical devices.
II. EXPERIMENTAL METHODS
The YIG and Ce substituted YIG films were deposited by pulsed laser deposition on single crystalline GGG substrates with (001) and (111) at weights to match the desired stoichiometry and afterwards ground by ball milling (ZrO 2 balls) for 24 hours. Next, the powder was sintered at 1400
• C for 10 hours. After that, the target was calcined at 1150
• C for 12 hours to obtain the YIG or Ce:YIG phase.
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The optimal deposition conditions for YIG were found for an oxygen deposition pressure of 2.67 × 10 −2 mbar (20 mTorr), a substrate temperature of 650
• C and a laser pulse energy of 400 mJ (KrF, λ = 248 nm) using 10 Hz repetition rate. After the deposition, the YIG films were ex-situ annealed at 800
• C for 5 minutes using rapid thermal annealing under a steady flow of pure oxygen.
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For the Ce:YIG films grown at an optimized oxygen pressure of 6.67 × 10 −3 mbar (5 mTorr), a substrate temperature of 815
• C and the same pulse energy and repetition rate as for the YIG samples were used. In contrast to the YIG samples, the Ce:YIG samples were not annealed and only cooled down to room temperature at the deposition oxygen pressure.
Ce:YIG films were not annealed after PLD growth to preserve the homogeneous distribution of Cerium ions inside the YIG lattice. The crystallographic properties were analyzed using x-ray diffraction (XRD) and x-ray reflectivity (XRR) in a Bruker D8 diffractometer. The saturation moment of each sample was measured by superconducting quantum interference device (SQUID, Quantum Design MPMS XL) at room temperature, while the coercive fields were probed by a vibrating sample magnetometer (VSM). To obtain the magnetic moment M s of the film, a linear subtraction of the paramagnetic contribution of the GGG substrate background was done.
MOKE magnetometry measurements were carried out in an extended MOKE setup similar to the one described in Ref. 41 
we can extract from the measured FMR frequency linewidth the Gilbert damping α and the zero field linewidth broadening. We used the M s value determined by SQUID magnetometry and a fixed g-factor of |γ| =28 GHz/T.
III. RESULTS AND DISCUSSION
We characterize the crystalline structure by XRD and our analysis of the YIG and the lattice constants determined from the XRD scans. From these fits we obtain for all films a surface roughness below 1 nm and a higher roughness of around 2 nm for the Magnetization curves obtained by SQUID measurements are presented in Fig. 2a ) and
the derived values such as the saturation magnetic moment and coercive field are given in Compared to the pure YIG films, both Ce:YIG samples show a larger coercive field that we detect within the resolution of our SQUID measurements. Since the coercive field is connected to remanent state and the reversal mechanism of the magnetization, we next study the different contributions to the magnetic anisotropy contributions in the Ce:YIG films, which play a key role in applications. The three main contributions to the magnetic free energy density are f sum = f shape + f cryst + f uni contributing to the effective magnetic anisotropy and we consider these in the following analysis. f shape denotes the demagnetization term by the shape anisotropy, f cryst the contribution of the magnetocrystalline energy, which in case of YIG should yield a cubic anisotropy 51 and f uni marks a uniaxial component, which can be induced by growth, stress or interface effects in thin films. In general pure YIG exhibits only a small magnetic anisotropy, which can be increased by a variation of the stoichiometry 52,53 or a growth-induced magnetoelastic contribution by selection of substrate lattice parameter. for which a larger miscut has been found to be the origin of an observed uniaxial magnetic anisotropy.
For the determination of the out-of-plane magnetization, we perform SQUID and polar MOKE magnetometry measurements, shown in Fig. 2d ), e) and in more detail in the supplementary information 43 . Using these methods it should be possible to adapt the anisotropy to satisfy the requirements of the desired application such as a magnetooptic sensor.
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Next we describe the magnetooptic properties of the Ce:YIG. Fig. 3a) shows drastically increased MOKE signals for Ce:YIG compared to pure YIG for a wavelength of λ = 635 nm.
While the magnitude of the Kerr rotation of YIG at this wavelength was below 2 mdeg angle marked behind the value denotes the in-plane orientation of the hard axis. The anisotropy constants were calculated from the anisotropy fields extracted from the SQUID measurements using
Ce:YIG/GGG (111) 158 ± 8 0.5 ± 0.1 5 ± 1 (135 • ) 0.4 ± 0.1 0.12 ± 0.01 9.5 ± 0.9
for both orientations, it increased to 26 mdeg for Ce:YIG/GGG(001) and to 38 mdeg for Ce:YIG/GGG(111). As seen in Fig. 3b ), at λ = 406 nm, we observe a larger Kerr mag- The enhanced magnetooptic contrast allows us to verify our SQUID results for the magnetic anisotropy. Further it shows that the Ce substitution allows one to investigate the magnetic domain structure even in thin films, which is of particular interest as garnets are known for more complex domain structures like for the formation of magnetic bubble skyrmion 59 .
Having established the magnetostatic properties, one needs to study the spin dynamics and in particular the damping parameter of the material, in order to be able to use the material in spintronic devices.
In order to provide the answer to this missing piece of information, we finally study the magnetodynamic properties to gauge the high frequency performance of Ce:YIG. FMR response as a function of the frequency is presented for Ce:YIG in Fig. 4a ) and for YIG in Fig. 4b ). Despite the fact that all films have a similar thickness of approximately 100 nm, the Ce:YIG shows in general a more than one order of magnitude lower FMR peak and two orders of magnitude wider resonance linewidths. This leads to the experimental challenge that the FMR signals of the Ce:YIG are comparable to those of the paramagnetic background signal caused by the GGG substrates, which makes it necessary to consider a linear contribution for the resonance peak for high magnetic fields.
Fitting a Lorentz peak function to the absolute signal, we obtain the FMR linewidth plotted in Fig. 4c ). As the slope of ∆f is only slightly affected by any magnetic anisotropy, Eq. 1 allows us to extract a good estimate of the Gilbert damping of the material as shown in Table III . For our 100 nm thick YIG films we observe a difference between the two crystalline orientations. While the Gilbert damping constant α was 2.6 · 10 −4 for the (001) orientation, the damping as well as ∆H 0 are increased by a factor of 2 for the (111) orientation. The exact values are given in Table III . We expect that the enhanced damping is the result of a dynamics are studied by VNA-FMR and measurements of the thin films revealed that our high quality films exhibit a magnetic damping comparable to magnetic metals of α = 4·10 −2 .
In contrast to usual magnetooptic investigation of garnets which focuses on the Faraday effect, we study the magnetooptic Kerr effect which enables thin film magnetooptic devices, which is desirable for some designs of integrated magnetooptic devices such as isolators 9, 62, 63 or circulators 7 . In particular MOKE measurements of Ce:YIG reveal an increase of a factor two of the Kerr rotation for λ = 406 nm, compared to pure YIG, and a tenfold increase of the Kerr rotation for λ = 635 nm. This first investigation of the MOKE in this material shows that the MOKE is significant for both wavelengths demonstrating the broader applicability of this material for magnetooptic devices, like sensors 38,39 and allows for high resolution magnetooptic imaging. Our magnetic microscopy reveals a strong contrast for the different magnetic domain orientations, highlighting that in addition to applications this insulating material provides an excellent research basis for investigation of complex magnetic phenomena like the magnetooptic imaging of magnetostatic spin-wave Eigenmodes 24,25 and the domain wall motion due to magnonic spin-currents 28, 33 . Our results show that by using the Ce substitution of YIG for tailoring the magnetic properties and magnetooptic properties one obtains a further novel toolkit for engineering the magnetic properties depending on the demand of applications.
